Abstract: Based on the existing biomass co-firing technologies and the known innate drawbacks of dedicated biomass firing, including slagging, corrosion and the dependence on fuel, a new model of agro/forestry residue pellets/shreds and coal co-fired in a large Pulverized Coal (PC) furnace was proposed, and the corresponding technical and economic assessments were performed by co-firing testing in a 300 MW PC furnace and discounted cash flow technique. The developed model is more dependent on injection co-firing and combined with co-milling co-firing. Co-firing not only reduces CO 2 emission, but also does not significantly affect the fly ash use in cement industry, construction industry and agriculture. Moreover, economic assessments show that in comparison with dedicated firing in grate furnace, agro/forestry residues and coal co-firing in a large PC furnace is highly economic. Otherwise, when the co-firing ratio was below 5 wt%, the boiler co-firing efficiency was 0.05%-0.31% higher than that of dedicated PC combustion, and boiler efficiencies were about 0.2% higher with agro/forestry residues co-firing in the bottom and top burner systems than that in a middle burner system.
Introduction
To achieve the goal of renewable energy resources taking up to 12% of the total energy consumption in 2010, the European Union exploited approximately 1.3 billion tons of biomass [1] , which will increase to 1.5-1.8 billion tons in 2030 [2] . Among that amount agro/forestry residues play a dominant role. Moreover, according to the "Mid-long Term Development Plan for Renewable Energy, China", the annual output of agro/forestry residues in China is about 1.5 billion tons, and 0.6 billion tons can be used for power generation, which equals to 0.35 billion tons of coal equivalent. The installed agro/forestry residue power capacity will reach 2.4 × 10 4 MW, accounting for 2.4% of the total power installed capacity by 2020 [3] . To date, more than 130 dedicated agro/forestry residue power plants have been built in China, but ash-related problems, especially fouling and slagging, resulting in lower heat transfer and unscheduled shutdowns of the furnaces, significantly restrict further promotion of the technology [4] [5] [6] [7] .
Co-firing in existing coal-fired boilers has been widely implemented in Europe and USA as a promising biomass utilization approach [8] . Most of the newly built coal power plants in Europe have a requirement for 10-20 cal% co-firing capability [9] . Biomass co-firing can not only eliminate or reduce the slagging that inevitably occurs in dedicated biomass-fired furnaces [4, [9] [10] [11] [12] , but also meet the needs of utilization and exploitation of renewable energy, especially agro/forestry residues. In addition, it can reduce greenhouse gas emissions and partially replace fossil fuels that cause serious environmental problems and are facing depletion in the near future.
It is well known that the ash of agro/forestry residues contains large amounts of alkaline salts [13, 14] , such as KCl, which can capture sulfur during combustion and reduce SO 2 emissions [15, 16] . Meanwhile, the HCl generated by the sulphatization of KCl can be trapped by CaO quickly [17] . High concentration of volatile hydrocarbons from agro/forestry residues can react with NO x [18, 19] , thus, co-firing favors low NO x and SO 2 emissions.
Otherwise, coal consumption of co-firing in a large Pulverized Coal (PC) furnace (~330 g/kWh with modest co-firing ratio) is basically half of that of a dedicated biomass firing furnace (~630 g/kWh in a grate furnace) with a thermal efficiency of around 50% [20] . According to the assessment of the US DOE National Renewable Energy Laboratory (NREL) [21] , the power generation efficiency of biomass co-firing remains unchanged or decreases slightly, and the efficiency can be maintained at 33%-37%, even with an elevated co-firing ratio of 15 cal%. Therefore, co-firing can utilize the higher boiler efficiency of large PC furnaces.
Savolainen [10] implemented co-firing testing with varied sawdust/coal ratios in a 315 MW PC furnace during 1999 to 2000, and the results showed that co-milling co-firing did not cause slagging and could reduce SO 2 emissions. Unfortunately, when the co-firing ratio was increased to 2.5 cal%, milling deteriorated, which resulted in increased unburned carbon in the fly ash and decreased boiler efficiency. Recently, our group had accomplished a varied proportion biomass pellet co-firing experiment in a 300 MW PC furnace without any additional investments or retrofits. Biomass pellets were injected into the top burner system after grinding in existing roller mills with up to 16.1 cal% co-firing ratio [19] . Results showed that NO x emissions decreased with elevated biomass co-firing ratio, and co-firing did not affect the quality of the fly ash for use in the cement industry. It should be noted that ASTM C618 permits the use of coal fly ash of as a cement alternative, but biomass ash is forbidden [21, 22] , while the revised EN-450 (European technical standard for the use of coal fly ash for concrete) allows the fly ash of clean wood to be used for concrete, even with a co-firing ratio of up to 50 wt% [23] . According to the statistics of the American Coal Ash Association (ACCA) [24] , more than half of the exploited coal fly ash is used as a cement raw material, concrete additive and blend, and a portion is used as fill materials and in plant nutrition. Figure 1 is a detailed illustration of biomass dedicated firing and co-firing. Currently, biomass combustion technologies can be divided into dedicated biomass firing (in CFB furnaces and grate furnaces) and co-firing (in CFB and PC furnaces) [25, 26] . The co-firing technologies in PC furnaces can be further classified into injection co-firing, co-milling co-firing, pre-gasification co-firing and parallel co-firing [25] . Compared with dedicated biomass firing, co-firing has lower investment, higher efficiency and lower emissions [27, 28] . Co-milling co-firing, with the least investment, is favorable for low proportion biomass co-firing, but mill capacity limits the co-firing ratio [28] ; Injection co-firing needs to be coupled with a dedicated biomass combustion and logistics system which results in higher investment, but the co-firing ratio can be improved; Both pre-gasification and parallel co-firing increase the biomass co-firing ratio significantly, even up to 100% biomass, but both need the construction of two systems (combustion or gasification) with exorbitant costs [29] , so the co-milling co-firing and injection co-firing are in wide application now.
In theory, biomass co-firing (injection co-firing and co-milling co-firing) not only consumes agro/forestry residues, reduces pollution emissions and eliminates alkali slagging, but also takes advantage of the high efficiency of the large PC furnace [29] . Wang et al. [19] have pointed out that the boiler efficiency decreased by 0.19%-0.52% with a co-firing ratio from 9.68 wt% (6.53 cal%) to 22.7 wt% (16.1 cal%). Similar results were reported in Plant Hammond, and the boiler efficiency decreased slightly with co-firing ratios of 9.7-13.5 wt% [30] . Unfortunately, comprehensive and in-depth technical research on co-firing in commercial PC furnaces is not widely reported, and economic assessments of co-firing compared with dedicated biomass firing are also scarce.
Therefore, both technical and economic assessments of agro/forestry residues co-firing in a 300 MW commercial PC furnace are conducted, and an advanced co-firing model possessing lower investment, lower pollution emissions, lower coal consumption, lower operating risk and higher boiler efficiency in comparison with dedicated firing and existing co-firing models is proposed. The new co-firing model used to consume agro/forestry residues is proposed first. Then, the technical assessment of the co-firing model is conducted on the basis of experimental study in a 300 MW PC furnace, including milling energy consumption, environment impact (CO 2 , NO x and SO 2 emissions), fly ash reuse and boiler efficiency. Finally, an economic assessment is performed by the discounted cash flow (DCF) technique in comparison with dedicated biomass firing in grate furnace. 
Proposed Co-Firing Model
As illustrated in Figure 2 , the new co-firing model proposed here is more dependent on injection co-firing combined with co-milling co-firing. Firstly, various agro/forestry residues are collected and pretreated by a crusher and molding machine; secondly, the crush and pellet mixtures are transported to power plants; thirdly, blends of coal and the pellets/shreds of agro/forestry residues are injected into a specific burner system (top or bottom burner system) after co-milling, and the other burner systems are fed with pure coal. The agro/forestry residues are injected into only one burner system like injection co-firing, while they are mixed and co-milled with coal before injection like co-milling co-firing, so the co-firing model is a combination of injection co-firing and co-milling co-firing. In an injection co-firing furnace, pure biomass is injected into the specific burner system after milling, while in a co-milling co-firing furnace, biomass and coal mixture are injected into every burner system after co-milling. The advantages of the new co-firing model include:
1. compared with dedicated agro/forestry residues firing, it possesses lower investment with immediate benefits, lower pollution emissions, lower coal consumption and higher boiler efficiency, in addition to eliminating slagging and reducing the dependence on agro/forestry residues which are seasonal; 2. in comparison with injection co-firing, it does not need the construction of specific logistics systems and saves investment; 3. compared with co-milling co-firing, agro/forestry residues are only injected into one burner system, rather than into all burner systems, which reduces the probability of shutdowns caused by the blockage of the mills due to the uneven milling properties of agro/forestry residues; 4. co-firing by top or bottom burner system gives increased boiler efficiency in comparison with dedicated PC combustion. Corresponding explanations will be presented in Section 3.4.
Technical Assessment
Our technical assessment mainly focuses on milling energy consumption, environment impact, fly ash reuse and boiler efficiency, which are the concerns of the policymaker, power plant manager and environmentalist, respectively. The co-firing tests were conducted in a 300 MW PC furnace, which contains six layers of burner systems named A-F in turn from bottom to top of the furnace; a detailed description can be seen in a previous paper [19] . Here, as shown in Figure 3 , four conditions were tested: agro/forestry residues co-firing by burner systems B, D and F separately, and 100% PC condition.
Throughout the experiment, the agro/forestry residue feed rate was about 7.2 t/h (5.2 wt%, 3.2 cal%). In order to maintain good flowability, the PC with a feed rate of 10.8 t/h was blended into the agro/forestry residues. When co-firing with burner F, 7.2 t/h of agro/forestry residues and 10.8 t/h of PC are injected into the furnace by burner F together, and the other burners, including A-E, are injected with PC, so the co-firing technology can be equivalent to a more dependent injection co-firing combined with co-milling co-firing. Pellets and shreds of agro/forestry residues account for approximately 50% separately. Excessive decrease of the pellets ratio will result in mill blockage. Agro/forestry residue pellets are cylinders with a length of ~65 mm, diameter of ~34 mm and density of ~1.2 g·cm
. The ultimate and proximate analyses of the fuels are shown in Table 1 . It can be seen that compared with coal, the agro/forestry residues have higher volatile and chlorine contents, and lower carbon content and heating value. In the experiments, the exhaust gas temperature was recorded directly from the DCS system; An isokinetic sampling method was applied for fuel powder samples and fly ash samples, and slag was sampled each 0.5 h; O 2 , SO 2 and NO x were measured by a gas analyzer (Testo 350, Testo Ltd. Lenzkirch, Germany) in the outlet of the horizontal flue. The fly ash accumulated in the dust collector was cleared when each condition was operated for more than 0.5 h at first, and then 20-30 kg fly ash deposited in the dust collector were sampled before the end of each test condition for the cement properties testing.
Mill Performance
Milling energy consumption is an important factor considered by policymakers and power plant managers. The energy consumption is calculated in detail as follows:
1. according to the site statistics, the total energy consumptions of crush and pelletization are 80.9 kW for the agro/forestry residues with a production of 7.2 t/h; 2. the current of the agro/forestry residues mill is 37 A, and voltage is 6 kV, so the energy consumption of agro/forestry residues accounts for: (6 kV × 37 A -6 kV × 37 A × 10.8/24)/7.2 t/h = 17.0 kWh/t; 3. total energy consumption: (17.0 kWh/t × 7.2 t/h + 80.9 kW)/7.2 t/h = 28.2 kWh/t. Table 2 is a summary of the milling energy consumptions of hammer mill for four biomasses with different moisture contents [31] . Considering the energy consumption and fuel size together, milling the agro/forestry residues pellets/shred mixture with a low speed roller mill is a more economical choice. As shown in Figure 4 , 75% of particles measured with LS230 laser particle size were smaller than 200 μm and 97% were smaller than 850 μm. Therefore, low speed roller mills existing in large scale commercial PC power plants can comminute coal and agro/forestry residues pellets/shred mixtures technically and economically.
Environmental Feedback
For the reasons of the wide application of agro/forestry residues, in addition to the huge generation and accumulation of various agro/forestry residues as well as the depletion of the fossil fuels, the high environmental benefit is another driving force. Figure 5 shows the statistical average values of SO 2 and NO x emissions. Both co-firing and co-firing injection position did not have a significant effect on SO 2 and NO x emissions, which may be due to the low co-firing ratio. Otherwise, co-firing basically did not affect the temperature distribution in the furnace, so co-firing had no effect on thermal-NO x . When considering the effect of higher levels of volatile hydrocarbons and the lower heat value of agro/forestry residues which can reduce NO x generation [18, 19] , and higher levels of alkali metals which can capture SO 2 [32] , co-firing can theoretically decrease NO x and SO 2 emissions. With the co-firing ratio used here (7.2 t/h, 5.2 wt%, 3.2 cal%), and assuming 5000 h of annual operating time, it can replace 2.2 × 10 4 tons of coal and reduce CO 2 7.9 × 10 4 tons, so agro/forestry residues possess higher environmental benefits.
Fly Ash Reuse
The cement characteristics decide whether the fly ash can be used as cement, concrete additive and blend, and the chemical elements content and compounds determine whether it can be used as fill material and in plant nutrition, so the cement characteristics and chemical properties of the fly ash produced by co-firing were analyzed.
Cement Characteristics
The cement characteristics of the fly ash or the possibility of using the fly ash as a cement alternative are tested according to Chinese Standard GB/T1596-2005, GSB 14-1510, and GB/T17671-1999. The key parameters used in the concrete industry, including condensation starting/ending time, expansion, water demand ratio, compressive and flexural strengths at 7/28/90 days, and activity index, are tested. The declarations of corresponding parameters are as follows:
• condensation starting time: The time that the cement slurry starts to lose plasticity; • condensation ending time: The time that the cement slurry loses plasticity completely;
• expansion: The volume change in the hardening process of cement;
• water demand ratio: The water demand ratio of tested sample and standard sample when fluidity is 130 mm-140 mm;
• compressive strength: The maximum compression force that the tested mortar can withstand;
• flexural strength: The maximum bending force that the tested mortar can withstand;
• activity index: The ratio of the compressive strength of the tested mortar and the standard contrast mortar (28 days).
As seen from Table 3 where PC represents dedicated PC combustion, Burner B, D and F mean co-firing by burner B, D and F, with or without co-firing the condensation starting/ending times, expansion and water demand ratio satisfied GB/T1596-2005, while compressive and flexural strengths as well as activity index were lower than the indicators of GB/T1596-2005, especially the compressive strength and activity index. Meanwhile, it should be noted that the compressive and flexural strengths and activity index of the fly ash of co-firing were more dependent on the corresponding parameters of the coal fly ash. Agro/forestry residues co-firing only caused an approximately 6% decline in compressive strength and activity index (28 days), and the influence is minor. Otherwise, according to the tested results of previous co-firing experiments by burner F with different co-firing ratios [19] , co-firing also resulted in decreased compressive and flexural strengths and activity index, even though that the testing results satisfy GB/T1596-2005, and the compressive strength and activity index decreased by 5%-6% with co-firing ratios of 9.68 wt% and 22.7 wt%. Therefore, the cement characteristics of the fly ash produced by agro/forestry residue co-firing were more dependent on the primary fuel-coal, and a modest co-firing ratio (<20 wt%) does not significantly affect the fly ash use as a cement alternative. Table 4 shows the element composition of the fly ashes analyzed by XRF. It can be seen that the variations caused by co-firing were slight, and both co-firing and co-firing position did not have significant effect on the elemental distributions of the fly ash. The main elements were Si, Al, Ca, Fe and K. Similarly, as seen from Figure 6 , due to the low co-firing ratio, co-firing and co-firing position also did not have any significant effect on the components of the fly ash analyzed by XRD. The main components of the fly ash were quartz and multi-mullites. Making things convenient for comparison, Figure 6a is the amplified illustration of Figure 6b . 
Chemical Properties

Boiler Efficiency
To environmentalists and policymakers, maybe environmental protection and energy savings are what they are concerned about, while for a power plant manager, economy is the preferred, and among that, boiler efficiency is an important factor. If the boiler efficiency decreases 0.1% for a 300 MW unit, the coal consumption will increases about 900 tec/y, which will cost $110,000. The boiler efficiency is therefore considered here. Table 5 (PC represents dedicated PC combustion; Burner B, D and F mean co-firing by burner B, D and F) shows the summary of the boiler efficiencies calculated by the anti-balance method which has been widely used for boiler efficiency calculations due to its high precision. It can be seen that co-firing can increase the boiler efficiency by 0.05%-0.31% in comparison with dedicated PC combustion. This may be due to the easy ignition and burnout properties of agro/forestry residues [33] . Otherwise, co-firing by bottom and top burner systems presented obviously higher boiler efficiency in comparison with co-firing by the middle burner system, basically around 0.2%. When co-firing with bottom burner B, the unburned carbon in the slag decreases due to the timely ignition of the agro/forestry residues, which promote the propagation of flames. When co-firing with top burner F, the unburned carbon in the fly ash decreases due to the easier burnout of the agro/forestry residues, unlike coal, which needs longer residence times. The data presented in the table are average values, and the relative deviations of the data are all lower than 3% according to the original measured data. Our previous study shows that with increased co-firing ratios from 9.68 wt% (6.53 cal%) to 22.7 wt% (16.1 cal%), the boiler efficiency decreases by 0.19%-0.52% [19] . Similar results were reported in Plant Hammond, and the boiler efficiency decreases slightly with co-firing ratios of 9.7-13.5 wt% [30] .
Therefore, it seems that a high co-firing ratio (>10 wt%) results in decreasing boiler efficiency, while a low co-firing ratio (<5 wt%) can raise boiler efficiency. This can be explained by the competition mechanism as follows: due to the easy ignition and burnout properties of agro/forestry residues, co-firing of agro/forestry residue results in decreased unburned carbon in fly ash and slag, and further the boiler efficiency increases, while a high agro/forestry residue co-firing ratio decreases the whole furnace temperature due to the lower primary air temperature of the agro/forestry residues (in case of self-ignition) and lower burning temperature of the agro/forestry residues (lower heating value) in comparison with coal, thus the unburned carbon in fly ash increases and boiler efficiency decreases. Of course, with a low biomass co-firing ratio, the furnace temperature also decreases.
However, compared with the increase of the boiler efficiency caused by the easy ignition and burnout of biomass, the decrease of boiler efficiency caused by the low burning temperature is lesser. Similarly, with a high biomass co-firing ratio, the increase of boiler efficiency caused by the easy ignition and burnout properties of biomass is inferior to the decrease of the boiler efficiency caused by the low burning temperature. Therefore, the competition between the easy ignition/burnout properties and low burning temperature of biomass results in increased boiler efficiency with a low biomass co-firing ratio and decreased boiler efficiency with a high biomass co-firing ratio in comparison with dedicated PC combustion.
Therefore, the existing moderate speed roller mills found in large scale commercial PC furnaces can comminute coal and agro/forestry residues pellet/shred mixtures technically, and co-firing also can reduce CO 2 , NO x and SO 2 emissions with slight influences on the properties of fly ash and boiler efficiency. With a proper co-firing ratio, the boiler efficiency increases, thus, agro/forestry residue co-firing in a large scale commercial PC furnace is technically feasible.
Economic Assessment
Discounted Cash Flow (DCF) Technique
The economical assessment of the co-firing model described above in comparison with dedicated biomass firing in a grate furnace is performed by DCF, mainly considering net present value (NPV), payback period (n p ) and internal rate of return (IRR).
NPV is an indicator that how much does an investment or project make. Between two mutually exclusive alternatives, the one yielding higher NPV should be selected. NPV is defined as the difference of income Pin and outgoing Pout (Equation 1), corresponding Pin and Pout are calculated according to Equation (2): 
where P is the discounted present value of the future cash flow; A n is annual value at the end of each year; i is interest rate, ignoring inflation; I = 3.25%; n is time, year. The term n p , taken into account together with NPV, is the time required to recover the cost of the investment. Considering the time value of money, the formula is expressed as follows:
where P initial is initial investment; NCF is net cash flow. IRR is the discount rate that makes NPV equal to zero. Simply, when Equation (1) = 0, the corresponding i in Equation (2) . Assuming both NPV and n p are equal among the various projects, the project with the highest IRR should be undertaken first. However, a project which has a higher IRR than an alternative may still be rejected if it does not meet with the expectations or targets set by the company/process management.
Economic Comparison
For agro/forestry residue dedicated firing and co-firing, the logistics total cost can be divided into eight aspects including fuel feedstock cost Q 1 ; electricity consumption of pretreatment equipment Q 2 ; labor cost of pretreatment Q 3 ; transportation expenses cost Q 4 ; venue rental Q 5 ; equipment cost Q 6 ; management fees Q 7 and others Q 8 . The term Q 2 contains the electricity consumption of agro/forestry residues crushing and pelletization. Q 6 contains the purchase costs of forming machine, forming mold, crusher for the pretreatment of agro/forestry residues before burning in PC furnace and the construction costs of a dedicated firing power plant.
Note that: the co-firing ratio of agro/forestry residues is assumed as 10 wt% in the economic comparison, which basically equals to the annual consumption in a 12 MW dedicated biomass firing grate furnace, ~10 4 tons; management fees Q 7 accounts for 4% of the total costs, the plant life is assumed as 25 years; the total construction cost for the biomass dedicated firing power plant is 150 millions RMB; network power price is 0.3 RMB/kWh in China, but the network power price of biomass direct-fired power plant is 0.75 RMB/kWh due to the government subsidies. And d presents 2-24 in Table 6 which shows the calculation by DCF.
It can be seen from Table 6 that compared with co-firing, the agro/forestry residue dedicated firing is disadvantaged whether considering NPV, n p or IRR. Especially, without any government subsidies the dedicated firing of agro/forestry residues is in a serious deficit, NPV < 0. Even considering the government subsidies, co-firing still has higher NPV and IRR, as well as lower n p . NPV, IRR and n p of co-firing are 1.4, 4.6 and 0.21 times of those of dedicated firing in grate furnace, respectively. In this section, only the cost before the agro/forestry residues are delivered into the furnace is considered, but the influence of boiler efficiency and burnout is ignored. Actually, both burnout and the boiler efficiency of agro/forestry residue dedicated firing in a grate furnace are clearly lower than those of co-firing in a large PC furnace. That results in the coal consumption of agro/forestry residue dedicated firing in a grate furnace being basically two times of that of co-firing in a large PC furnace. Thus, in comparison with dedicated firing, agro/forestry residue co-firing is more economic.
Seen from the technical and economic assessments, agro/forestry residue co-firing possesses higher economy, and co-firing by a bottom burner system and top burner system are more economical due to the higher boiler efficiency. Therefore, the model of the agro/forestry residues co-firing by a bottom burner system and top burner system, a combination of injection co-firing and co-milling co-firing, is proposed.
Conclusions
Co-firing tests showed that the moderate speed roller mills existing in power plants can comminute pelletized and shredded agro/forestry residues mixtures technically and economically. NO x and SO 2 emissions remained unchanged in the experiment. Otherwise, XRF, XRD and cement characteristic analyses indicated that the chemical properties and cement characteristics of fly ashes produced by co-firing were more dependent on the fly ash properties of coal. Basically, with a modest co-firing ratio (<20 wt%) both compressive strength and activity index decreased by approximate 6%.
Moreover, our economic assessment shows that in comparison with biomass dedicated firing in a grate furnace, co-firing in a large PC furnace is more economic because of the higher net present value and internal rate of return as well as lower payback period. A 12 MW agro/forestry residue grate furnace without government subsidies it is in serious deficit, and even with government subsidies, the net present value and internal rate of return are only 0.7 and 0.2 times of those of co-firing in a 300 MW PC furnace respectively, and the payback period is 4.8 times longer.
Additionally, due to the competition between the easy ignition/burnout properties and low burning temperature of agro/forestry residues, co-firing with low co-firing ratios (<5 wt%) increased boiler efficiency by 0.05%-0.31% in comparison with dedicated PC firing. The boiler efficiencies of co-firing in bottom and top burner systems were about 0.2% higher than that of co-firing in a middle burner system. Therefore, a new co-firing model being more dependent on injection co-firing combined with co-milling/co-firing of agro/forestry residue pellets/shreds in a large PC furnace using the top or bottom burner systems is proposed. It not only can consume agro/forestry residues, ease the fossil fuel crisis, reduce the dependence on fuel and eliminate slagging occurred in biomass dedicated firing furnaces, but also results in higher economy and higher environmental benefits.
